A sustainable one-pot scheme for the synthesis of hierarchical porous carbons formed from biomass is developed herein. It is based on the carbonization of biomass-derived products (glucose, glucosamine, soya flour and microalgae) in the presence of an activating agent (potassium oxalate) and calcium carbonate nanoparticles that form a hard template. During carbonization, double carbonates are formed in-situ, which results in modifications in the morphology and size of the template nanoparticles, giving rise to a carbon material with an open macroporous foam-like structure rich in micro-/mesopores, the latter developing via a redox reaction between the carbon and potassium carbonate and also as a result of the reaction between the carbon and the evolved CO 2 .
Introduction
Porous carbon materials that have high surface areas, tunable pore structures, a high chemical/thermal stability and a good electronic conductivity are attractive candidates for many applications in the fields of catalysis, [1] [2] [3] gas storage/capture, 4, 5 and energy storage 4, 6, 7 and production. [8] [9] [10] In particular, hierarchical porous carbons (HPCs) with a multimodal pore size distribution in the micro-/meso-/macropore range provide enhanced performance owing to the combination of interconnected pores at different scales serving distinctive functions: micropores for large adsorption capacity and surface area, mesopores and macropores for rapid mass transport, and macropores for acting as reservoirs or host pores. [11] [12] [13] [14] For example, HPCs with a large pore volume are highly desirable for Li-S batteries to serve as hosts for a large amount of sulfur without blocking access of the electrolyte solution to the pores and leaving sufficient void space to allow the volume expansion of the active material. 15, 16 Similarly, HPCs with large surface areas are good candidates for high power supercapacitors. 17 HPCs have usually been synthesized by templating methods or a combination of templating and activation procedures. Thus, by using a combination of two hard or soft templates, HPCs with a bimodal pore size distribution can be obtained. [18] [19] [20] Similarly, a combination of soft and hard templates can be used to synthesize HPCs. 21 More recently, templating approaches based on the use of polymeric precursors (e.g. polycarbosilane)
have been shown to be suitable for fabricating HPCs. 11, 14, 15 On the other hand, the physical or chemical activation of templated mesoporous/macroporous carbons is a very efficient route for developing micropores. 22, 23 )
. 26 More recently, Deng et al. followed a green "leavening" strategy, whereby potassium bicarbonate -which includes a foaming agent (CO 2 ) and an activating agent (K 2 CO 3 ) in its structure-was used to directly produce materials with a 3D hierarchical pore structure from monosaccharides, polysaccharides and biomass (S BET up to ~1900 m 2 g -1 and
. 27 Zhao et al. applied a similar approach to a cation exchange resin with analogous results. 28 ) from sucrose by using ZnO nanoparticles as template, either previously synthesized 16 or generated insitu using zinc citrate. 29 Herein we propose a one-pot scheme for the synthesis of biomass-based hierarchical porous carbons (S BET up to 3300 m 2 g -1
) by carbonizing the carbon precursor in the presence of an activating agent (potassium oxalate) and a commercially available and cheap hard template, calcium carbonate nanoparticles. By applying a simple washing step with diluted hydrochloric acid, all the inorganic species can be removed. The synthesized materials are characterized by a hierarchical porosity in the micro-/macroporous range in the case of glucose and glucosamine, and in the micro-/meso-/macroporous range when microalgae, defatted soya flour or urea+glucose are used as precursor. ) under a nitrogen gas flow and held at this temperature for 1 h. The generated inorganic impurities (i.e., calcium oxide nanoparticles and potassium compounds) were removed by washing several times with diluted HCl and then with distilled water until neutral pH. Finally, the solid product was dried in an oven at 120 ºC for 3 h. The product yield of the synthesis process is 4-11 % (see Table 1 ). The carbons thus produced were labelled X-T, where X = G (glucose), GA (glucosamine), SF (soya flour) and MA (microalgae), and T = synthesis temperature. For comparison purposes, carbon materials were prepared from glucose and defatted soya flour using only CaCO 3 nanoparticles or potassium oxalate (800 ºC, ratio 1:1). These carbons were denoted X-Ca when only CaCO 3 nanoparticles were used, and X-OxK when only potassium oxalate was used as activating agent. In addition, materials were fabricated from glucose by incorporating urea to the mixture glucose/potassium oxalate monohydrate/calcium carbonate (1:1:1) using a glucose/urea ratio of 1:0.5.
Experimental section

Synthesis of hierarchical porous carbons
These samples were labelled GU-T.
Physical and chemical characterization
Scanning electron microscopy (SEM) images were recorded on a Quanta Thermogravimetric analysis (TGA) curves were recorded on a TA Instruments Q6000 TGA system. X-ray diffraction (XRD) patterns were obtained on a Siemens D5000 instrument operating at 40 kV and 20 mA and using Cu K radiation ( = 0.15406 nm).
Results and Discussion
Structural and textural properties of the hierarchical porous carbons
The morphology of the carbon materials obtained from the different kinds of biomass-based products was examined by scanning electron microscopy (SEM). As can be seen in Figures (Table S1 ), similar to that of carbon aerogels, 12 but higher than that of graphene aerogels. 34 On the other hand, the packing density of these materials is in the 0.2-0.4 g cm -3 range (see Table S1 ). At 750 ºC, the materials are still highly porous, with BET surface areas in the 2400-3050 m 2 g -1 range.
However, when only CaCO 3 nanoparticles are used, the materials have low surface areas of 600-900 m , which is coherent with the activating effect of K 2 C 2 O 4 . These results suggest that there is a synergetic effect between both chemicals.
The incorporation of N-species during the activation process has a notable influence upon porosity development. This fact was confirmed by adding urea to the mixture of glucose/potassium oxalate /calcium carbonate. As evidenced by the N 2 sorption isotherms in Figure 2c , there is a clear increase in N 2 uptake up to a relative pressure of ~ 0.4, indicating a notable increase in the population of small mesopores. This is confirmed by the PSDs in Figure 2d , the graph of cumulative pore volume in Figure S3 and the data in 39 In the present case, it is evident that both the addition of a N-rich substance such as urea or the presence of nitrogen in the precursor leads to an increase in the population of mesopores in the synthesized carbons. However, the nitrogen already present in the biomass seems to be more efficient in creating mesopores, probably due to its more homogeneous distribution.
The degree of structural order of the synthesized materials was analyzed by XRD. As can be seen in Figure S5 , all the materials exhibit broad and low intensity (002) and ( .
Chemical characteristics of the hierarchical porous carbons
The results obtained show that both when N-rich substances are used as carbon precursor (i.e. glucosamine, microalgae and defatted soya flour) or when a N-rich foreign substance (i.e. urea) is added, the synthesized carbons retain an appreciable amount of nitrogen under carbonization up to a temperature of 750 ºC (~ 2-3 wt % N, see Table 1 In order to elucidate the processes that are taking place, XRD analysis was performed on the samples synthesized from glucose and defatted soya flour at different temperatures before acid washing. As can be seen in Figure 4a and Figure S8 , at 500 ºC there is no peak corresponding to potassium oxalate, indicating its complete decomposition. However, peaks ascribable to CaCO 3 and K 2 CO 3 (a very small proportion) are present, along with intense peaks corresponding to fairchildite K 2 Ca(CO 3 ) 2 . This double carbonate is formed by the combination of the K 2 CO 3 generated in the decomposition of potassium oxalate (reaction 2) and the CaCO 3 nanoparticles used as template (reaction 3):
Indeed, it is well-known that K 2 Ca(CO 3 ) 2 is generated by the K 2 CO 3 -CaCO 3 system. 42, 43 Hence, the peaks in the range of ~ 450-550 ºC in the DTG curves in Figure 3b can be assigned to the decomposition of potassium oxalate and the formation of K 2 Ca(CO 3 ) 2 . Figure 4a shows that at 650 ºC a fraction of CaCO 3 has decomposed into CaO, another fraction has reacted with a certain amount of K 2 Ca(CO 3 ) 2 to form another double carbonate, K 2 Ca 2 (CO 3 ) 3 (reaction 4) whereas another fraction remains unchanged:
At 700 ºC, the decomposition of CaCO 3 into CaO is complete (reaction 5) and K 2 Ca 2 (CO 3 ) 3 transforms back to K 2 Ca(CO 3 ) 2 (reaction 6):
At 750 ºC, K 2 Ca(CO 3 ) 2 has decomposed into K 2 CO 3 and CaO (reaction 7, see Figure S8 ), so that un-reacted K 2 CO 3 and CaO are the only species persisting at 800 ºC (Figure 4b ):
The decomposition of K 2 Ca(CO 3 ) 2 (reaction 7) seems to occur at a lower temperature in the presence of biomass/saccharides compared to the K 2 C 2 O 4
and CaCO 3 mixture (see Figure 3b) , which suggests that the decomposition is promoted by the reaction of carbon with K 2 CO 3. All of these changes in the carbonate species produce modifications in the morphology and size of the template particles (for example, cubic CaO particles are observed at 800 ºC, as shown in Figure S9a , in contrast to the initial sphere-like CaCO 3 nanoparticles in Figure S9b ), resulting in the final foam-like structure with many interconnected macrocavities. Above 700-750 ºC, the microporosity/small mesoporosity develops mainly via the redox reaction 1, but also by carbon gasification via reactions 5-7. Meanwhile, the large mesopores/macropores result from the multiple template particles derived from CaCO 3 nanoparticles (i.e. K 2 Ca(CO 3 ) 2, K 2 Ca 2 (CO 3 ) 3 and CaO), resulting in a much less dense structure than that obtained in the presence of only CaCO 3 ( Figure S2a ). As can be deduced from the XRD patterns in Figure S8 , the same carbonate species are obtained in the case of N-rich biomass or the addition of urea. Besides, in these cases, KCN is formed above 750 ºC. This results in the substantial reduction of N content observed for T ³ 750 ºC (Table S2) . Thus, for T £ 650 ºC, the materials obtained from defatted soya flour have high N contents of the order of 7-8 wt %, compared to less than 3 wt % for T ³ 750 ºC.
Detailed information about the gradual generation of porosity during the thermal treatment was obtained by means of N 2 physisorption analysis. As indicated by the data in Table S2 and the isotherms in Figure S10a , when glucose is the precursor, the carbons obtained at 500 and 650 ºC exhibit very similar textural properties and most of their porosity consists of macropores as a result of the templating of the calcium-based nanoparticles, as might be expected (see Figure S11 ). In addition, these carbons possess a small amount of narrow micropores (see Figure S10b) , which is typical of carbonized glucose.
Above 700 ºC, due to reactions 1, 5 and 6, there is a large increase in the volume of micropores (see Table S2 ). In the case of defatted soya flour, the most substantial development of micro-/small mesopores also occurs above 700 ºC (see Table S2 and Figure S10 ), in parallel with a drastic reduction in the nitrogen content (weight ratio N/C = 0.095 at 650 ºC and 0.031 at 750 ºC). If these results are compared with those of glucose, it can be hypothesized that the removal of CN-species is responsible for the development of small mesopores.
It should also be noted that the carbon materials developed in this work exhibit certain properties that are advantageous for energy-related applications, besides adsorption-based processes. Thus, the carbons obtained from defatted soya flour, microalgae and glucose+urea combine ultra-large pore volumes (Table 1) with relatively good electronic conductivities (0.1-0.7 S cm -1 at 750 ºC and 1.0-2.3 S cm -1 at 800 ºC, see Table S1 ) -and even N-doping at 750 ºC (2-3 wt % N)-, features which make them good candidates as hosts/supports of inorganic particles for electrochemical applications, such as metal oxides for supercapacitor electrodes, metals/metallic compounds for electrocatalysts or sulfur/selenium for Li-S/Li-Se batteries. Also, the materials obtained from glucose and glucosamine are a good option as supercapacitor electrodes with high power capability, as they combine a large specific surface area (1800-2700
) arising mainly from their micropores with macropores that act as transport pores and ion-buffering reservoirs minimizing diffusion distances. 
